Objective-We hypothesized that GLUT4 is a predominant facilitative glucose transporter in vascular smooth muscle cells (VSMCs), and GLUT4 is necessary for agonist-induced VSMC contraction. Methods and Results-Glucose deprivation and indinavir, a GLUT4 antagonist, were used to assess the role of GLUT4 and non-GLUT4 transporters in vascular reactivity. In isolated endothelium-denuded mouse aorta, Ϸ50% of basal glucose uptake was GLUT4-dependent. Norepinephrine-mediated contractions were dependent on both GLUT4 and non-GLUT4 transporters, serotonin (5-HT)-mediated contractions were mainly GLUT4-dependent, and prostaglandin (PG) F 2␣ -mediated contractions were dependent on non-GLUT4 transporters, whereas indinavir had no effect in GLUT4 knockout vessels. We also observed a 46% decrease in GLUT4 expression in aortas from angiotensin II hypertensive mice. Indinavir caused a less profound attenuation of maximal 5-HT-mediated contraction in these vessels, corresponding to the lower GLUT4 levels in the hypertensive aortas. Finally, and somewhat surprisingly, chronic GLUT4 knockout was associated with increased vascular reactivity compared with that in wild-type animals, suggesting that chronic absence or reduction of GLUT4 expression in VSMCs leads to opposite effects observed with acute inhibition of GLUT4. Conclusions-Thus, we conclude that GLUT4 is constitutively expressed in large arteries and likely participates in basal glucose uptake. In addition, GLUT4, as well as other non-GLUT4 facilitative glucose transporters, are necessary for agonist-induced contraction, but each transporter participates in VSMC contraction selectively, depending on the agonist, and changes in GLUT4 expression may account for some of the functional changes associated with vascular diseases like hypertension. (Arterioscler Thromb Vasc Biol. 2005;25:1596-1602.) 
M ammalian cells use glucose for the generation of ATP through oxidative and nonoxidative metabolism, but because the lipid bilayer of cellular membranes is impermeable to carbohydrates, the cell must rely on a system of hexose transporters to facilitate uptake of these sugars. To date, at least 13 facilitative glucose transporters have been cloned. 1 The GLUT transporters are homologous glycosylated polypeptides with distinct substrate specificity, affinity, and tissue distribution. 2 GLUT4 is considered the major insulin-responsive transporter expressed in fat and striated muscle tissues. 2 In these tissues, the majority of GLUT4 molecules (Ϸ90%) are sequestered in intracellular vesicles in the absence of insulin or other stimuli such as muscle contraction. 3, 4 In the presence of these stimuli, the GLUT4containing vesicles translocate to the plasma membrane where they participate in glucose uptake.
Vascular smooth muscle has been shown to express GLUT1 5 as well as GLUT4. 6 -10 However, the expression of other facilitative glucose transporters in vascular smooth muscle is unknown. Previous studies from our laboratory have demonstrated that in vascular diseases caused by diabetes and hypertension, GLUT4 expression is decreased, with a concomitant decrease in basal vascular glucose uptake. 5, 11 These data suggest that GLUT4 is an important glucose transporter in vascular smooth muscle cells (VSMCs). Previous studies also have demonstrated the necessity of glucose for normal agonist-induced VSMC contractions. 12, 13 However, there is scant information concerning the role of GLUT4 transporters in VSMC contraction and whether glucose transporters play a role in the compartmentation of glucose utilization. Therefore, the hypothesis tested in this study is that GLUT4 is a predominant glucose transporter in VSMCs, and that GLUT4 is necessary for full agonist-induced VSMC contraction.
We tested this hypothesis by comparing norepinephrine (NE), serotonin (5-HT), and prostaglandin F 2␣ (PGF 2␣ )mediated VSMC contractions in the absence of glucose, which would inhibit all glucose uptake, whether by GLUT4 or other transporters, or after specific inhibition of only GLUT4-mediated glucose uptake with indinavir, an HIV protease inhibitor. Indinavir has been demonstrated to noncompetitively and specifically inhibit GLUT4 molecules. 14, 15 In this study, we have determined that indinavir inhibits GLUT4-mediated glucose uptake in an intact endotheliumdenuded vascular preparation. In addition, we observed that glucose utilization has different effects on vascular reactivity, depending on whether uptake is via GLUT4 or non-GLUT4 transporters. In addition, we observed decreased GLUT4 expression in the aortas from angiotensin II hypertensive mice, and indinavir caused a less profound attenuation of maximal 5-HT-mediated contraction in accord with the lower GLUT4 expression in these vessels. These results suggest that glucose utilization for VSMC contraction may be compartmentalized at the level of glucose uptake through glucose transporters. Altered expression of these transporters in the vasculature may be a metabolic factor that affects VSMC function in vascular diseases such as hypertension.
Methods

Cell Culture
A7r5 VSMCs or bovine retinal endothelial cells (BRECs) were grown in complete Dulbecco's Modified Eagle Medium (Invitrogen Life Technologies, Carlsbad, Calif) with 10% fetal bovine serum and 100 U/mL penicillin-streptomycin at 37°C and 95% O 2 /5% CO 2 . BRECs were isolated, as described previously. 16 Details of A7r5 VSMC and BREC culture are described in the online supplement (see http://atvb.ahajournals.org).
Glucose Transport Studies
Glucose transport was assessed by measuring [ 3 H] 2-deoxyglucose (2-DOG) uptake. The [ 3 H] 2-DOG assays were performed following the method of Tai et al. 17 A more detailed description of the glucose transport studies is provided in the online supplement.
Confocal GLUT4 Immunofluorescence Imaging
A7r5 VSMCs plated on glass coverslips were treated with insulin (100 nmol/L) in the presence or absence of indinavir (25 mol/L) for 20 minutes at 37°C. A more detailed description of GLUT4 immunofluorescence is described in the online supplement.
Immunoblotting for GLUT1 and GLUT4
Aortic or cellular detergent resistant membrane fractions or wholecell lysates were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were blocked with Trisbuffered saline-Tween20 (TBS-T) and 5% milk for 1 hour and placed in blocking solution containing the primary antibody in TBS-T 5% milk overnight at 4°C. After 3 washes in TBS-T, the appropriate horseradish peroxidase-linked secondary antibody was then added in TBS-T 5% milk and incubated at room temperature for 1 hour. Membranes were then washed 3 times in TBS-T, and enhanced chemiluminescence was used for autoradiography.
Animal Studies
Wild-type male C57Bl/6J mice (8 to 10 weeks old; Jackson Laboratories, Bar Harbor, Me) or GLUT4 knockout (GLUT4KO) mice on a C57Bl/6J background were euthanized with sodium pentobarbital 
Separation of Detergent-Resistant Membrane Fractions
Detergent-resistant membrane (DRM) fractions from A7r5 VSMCs were isolated as described in detail in the online supplement and as previously described. 18 DRM fractions from mouse aorta were isolated with minor modifications based on previous reports, 19, 20 as described in detail in the online supplement.
Vascular Reactivity Experiments
Vascular reactivity experiments were performed as described in detail in the online data supplement. Vascular reactivity was measured in a myograph system (Danish Myo Technology A/S, Aarhus, Denmark) based on the system previously described by Mulvany and Halpern. 21 After vessels were equilibrated, the vessels were incubated with vehicle indinavir, or no glucose conditions (5.5 mmol/L mannitol in the physiological salt solution (PSS) instead of 5.5 mmol/L glucose) for 30 minutes. Cumulative concentrations of NE, 5-HT, or PGF 2␣ were added to the bath to establish concentration-response curves. The concentrations of indinavir used in the 5-HT and PGF 2␣ reactivity experiments were chosen based on the cell culture data and NE reactivity data demonstrating that specificity for GLUT4 antagonism was achieved at 25 mol/L (see data in Results and online supplement).
Mouse Model of Angiotensin II-Mediated Hypertension
Angiotensin (Ang) II-mediated hypertension was induced in wildtype male C57BL/6J mice (12 to 14 weeks old) (Jackson Laboratories, Bar Harbor, Maine) as previously described [22] [23] [24] and outlined in detail in the online supplement.
Chemicals
Indinavir was purified in crystalline form from pharmacy tablets, and was a gift from the laboratory of Dr David Fleisher (University of Michigan School of Pharmacy, Ann Arbor), and resuspended in phosphate-buffered saline (pH 1.0). The antibody against GLUT1 was a gift from Dr Christin Carter-Su (University of Michigan, Ann Arbor). The antibody against GLUT4 is an antipeptide antiserum directed against the carboxy terminal portion of the rat GLUT4 molecule. Both antibodies are highly specific and have been extensively reported previously by our group. 5, 7 All other drugs were purchased from Sigma Chemical Co (St. Louis, Mo).
Data and Statistical Analysis
Agonist EC 50 values were calculated with a nonlinear regression analysis with the algorithm [effectϭmaximum response/1 ϩ (EC 50 / agonist concentration)] in the computer program GraphPad Prism (San Diego, Calif). Data were expressed as meanϮSEM and were analyzed using a Student t test or 1-way analysis of variance (ANOVA) followed by Bonferroni post hoc analysis. Data were considered significant at PϽ0.05.
Results
Characterization of GLUT4 Antagonism With Indinavir in Cell Culture
Indinavir at all concentrations up to 50 mol/L failed to inhibit basal A7r5 VSMC glucose uptake (Figure IA, avail-able online at http://atvb.ahajournals.org). In A7r5 VSMCs stimulated with 100 nmol/L insulin, glucose uptake was increased 2-fold, and both 25 mol/L and 50 mol/L indinavir prevented the insulin-stimulated increase in glucose uptake ( Figure IB ). Confocal immunofluorescence revealed diffuse punctate localization of GLUT4 in the cytoplasm of A7r5 VSMCs ( Figure IC 1 ). After insulin stimulation, GLUT4 localization was evident at the plasma membrane, consistent with insulin-induced GLUT4 translocation ( Figure IC 2 ). Indinavir (50 mol/L) did not interfere with GLUT4 translocation, as indicated by the persistence of GLUT4 localization on the cell membrane ( Figure IC 3 ). These findings corroborate previous reports in other cell systems that indinavir inhibits glucose flux via GLUT4 but does not affect GLUT4 translocation. 14 Glucose uptakes in BRECs were performed to verify the specificity of indinavir. Immunoblot analysis of whole-cell lysates from BRECs indicated the presence of GLUT1 ( Figure IIA , available online at http://atvb.ahajournals.org), but not GLUT4 ( Figure IIB ). Basal glucose uptake in BRECs was not significantly affected by the presence of indinavir during the 2-DOG uptake assay ( Figure IIC) . A minor decrease in glucose uptake in the presence of 50 mol/L indinavir was observed, suggesting that a fraction of the inhibition of glucose uptake at the highest concentration of indinavir could be caused by inhibition of non-GLUT4 transporters, such as GLUT1. These data, combined with the A7r5 uptake data, indicate that 25 mol/L indinavir specifically inhibited GLUT4-mediated glucose uptake in VSMCs.
GLUT1 and GLUT4 Distribution in Membrane Fractions From A7r5 Cells and Mouse Aorta
Immunoblotting for GLUT1 and GLUT4 in membrane fractions demonstrated the presence of both GLUT1 and GLUT4 in A7r5 cells and mouse aorta (data not shown), as we have previously shown. 5 In A7r5 cells, GLUT1 was localized to detergent-resistant membrane fractions that also contained caveolin-1, whereas GLUT4 was not detected in these fractions. However, in whole mouse aorta, GLUT1 and GLUT4 were localized mostly to the nondetergent-resistant fractions, although the pattern of distribution for GLUT1 and GLUT4 differed somewhat. Neither GLUT4 nor GLUT1 localized in the fractions in which caveolin-1 was most prominent (Figure III, available online at http://atvb.ahajournals.org).
We also examined whether GLUT4 deficiency resulted in a compensatory increase in GLUT1 expression. We did not observe any changes in GLUT1 expression in whole aortic homogenates from male GLUT4KO mice (data not shown), but a moderate increase in aortic GLUT1 expression was observed in female GLUT4KO mice ( Figure IV , available online at http://atvb.ahajournals.org).
Basal Glucose Uptake With GLUT4 Inhibition in Endothelium-Denuded Mouse Aorta
Basal glucose uptake in wild-type mouse aorta was measured to correlate glucose uptake with vascular function in the presence and absence of GLUT4 antagonism (Figure 1) . In contrast to results in A7r5 cells, GLUT4 antagonism with indinavir (25 mol/L and 50 mol/L) inhibited basal glucose uptake in aorta by 40% to 50%. The lowest concentration of indinavir (5 mol/L) did not affect basal glucose uptake in the mouse aorta. These data suggest that GLUT4 mediates nearly half of basal glucose uptake in mouse aorta and corroborate findings in aortas from hypertensive animals in which reduced GLUT4 expression accompanied a substantial reduction in basal glucose uptake. 5
Vascular Reactivity in the Presence of Indinavir or Absence of Glucose
NE
NE caused a concentration-dependent VSMC contraction in endothelium-denuded aortas ( Figure 2 ). GLUT4 antagonism with indinavir did not significantly affect the NE EC 50 (Table  I , available online at http://atvb.ahajournals.org), but GLUT4 antagonism with indinavir significantly attenuated maximum contraction to NE in a concentration-dependent manner. After glucose deprivation, the NE EC 50 was significantly shifted to the right (Table II , available online at http://atvb.ahajournals. org), and NE-mediated maximum contraction was further attenuated, compared with indinavir, as illustrated in Figure  IIA . NE-mediated VSMC contraction in aortas from GLUT4KO mice treated with vehicle or indinavir were not different ( Figure IIB) , but glucose deprivation caused a significant rightward shift of the EC 50 (Table II) creased contraction in the aortas from GLUT4KO mice ( Figure IIB) .
5-HT
5-HT caused a concentration-dependent VSMC contraction in endothelium-denuded aortas (Figure 3 ; Figure V , available online at http://atvb.ahajournals.org). GLUT4 antagonism with indinavir did not significantly affect the 5-HT EC 50 (Table II) , but indinavir caused a significant attenuation in the maximum contraction to 5-HT in endothelium-denuded aortas from wild-type mice ( Figure 3A) , and did so in a concentration-dependent manner ( Figure V) . Glucose deprivation did not cause a shift in the EC 50 (Table II) , but it significantly attenuated maximum contraction to 5-HT. This attenuation by glucose deprivation was identical to that caused by 25 mol/L indinavir ( Figure 3A) . Neither GLUT4 antagonism with indinavir nor glucose deprivation affected vascular reactivity to 5-HT in the endothelium-denuded aortas from GLUT4KO mice, confirming the specificity of the indinavir effects. These data strongly suggest that 5-HTinduced vascular reactivity is enhanced by uptake of glucose through GLUT4 ( Figure 3B ) but not by glucose taken-up by non-GLUT4 transporters.
PGF 2␣
PGF 2␣ caused a concentration-dependent VSMC contraction in endothelium-denuded aortas (Figure 4 ). GLUT4 antagonism with indinavir did not affect PGF 2␣ -mediated VSMC contractions, but glucose deprivation for 30 minutes before the concentration response caused a significant rightward shift in the EC 50 (Table II) , as well as a decreased maximum contraction in the PGF 2␣ concentration response performed in aortas from wild-type mice ( Figure 4A ). As expected, PGF 2␣induced VSMC contractions in aortas from GLUT4KO mice were not affected in the presence of GLUT4 antagonism with indinavir ( Figure 4B ). However, glucose deprivation caused a slight rightward shift in the EC 50 (Table II) and a decrease in the maximum contraction mediated by PGF 2␣ in the GLUT4KO mice, although the changes were somewhat less substantial than those observed in the wild-type aortas.
Effects of GLUT4 Knockout on Vascular Reactivity
Although acute inhibition of GLUT4-mediated glucose transport resulted in reduced vascular reactivity, a different scenario was found in the GLUT4KO aortas. As already noted, there was no effect of indinavir on reactivity in the aortas from GLUT4KO animals, which validates the specificity of indinavir. However, in separate head-to-head experiments, the maximum contractions with NE ( Figure 5A ) and 5-HT ( Figure 5B ) but not PGF 2␣ (not shown) were augmented in aortas from GLUT4KO mice. There were no differences in blood pressures between wild-type and GLUT4KO mice ( Figure VI , available online at http://atvb.ahajournals.org), nor was there a significant shift in the EC 50 values, although these were somewhat variable (Table I and Table II ). These data suggest lack of GLUT4 gene expression leads to enhanced vascular reactivity, which is opposite to the effect of acute inhibition of GLUT4 with indinavir.
GLUT4 Expression and Vascular Reactivity in Ang II Hypertension
Systolic blood pressure in normotensive mice was 106Ϯ3 mm Hg (nϭ11), whereas systolic blood pressure was 137Ϯ6 mm Hg in mice infused with Ang II for 7 days (nϭ11; PϽ0.05 compared with normotensive). Immunoblotting for GLUT4 in whole aortic homogenates showed that GLUT4 expression was reduced by Ϸ46% in the aortas from hypertensive mice ( Figure 6A ), similar to previous findings in aortas from hypertensive rats. 5 5-HT caused a concentration- dependent contraction in endothelium-denuded aortas from normotensive and hypertensive mice ( Figure 6B and 6C ). GLUT4 antagonism with indinavir, however, caused a significant attenuation in the maximum contraction to 5-HT in aortas from normotensive mice (Ϸ42% reduction in maximum contraction), similar to what was shown in Figure 3 . Contractions to 5-HT were significantly potentiated in the aortas from the hypertensive mice similar to findings with the GLUT4 KO mice ( Figure 6B and 6C ). In accord with lower GLUT4 levels in the hypertensive aortas, indinavir caused a less profound attenuation of maximal 5-HT-mediated contraction in these vessels.
Discussion
We demonstrated the specificity of the GLUT4 antagonist, indinavir, in cultured cells and observed that inhibition of GLUT4 in endothelium-denuded mouse aortas reduced basal glucose uptake by approximately half, supporting the conclusion that GLUT4 is a major glucose transporter that participates in basal, as well as in insulin-stimulated, glucose uptake in VSMCs in vivo. We also found that GLUT4 and other glucose transporters specifically and differentially contribute to VSMC contraction. Moreover, this differential contribution to contraction varies depending on the contractile agonist. We also observed that GLUT4 expression in vessels from hypertensive animals was diminished, and that indinavir caused a less profound attenuation of maximal 5-HT-mediated contraction in these vessels. We have found that chronic knockout of the GLUT4 gene results in augmented arterial reactivity to the same agonists that elicited attenuated reactivity in response to indinavir. Similar increases in reactivity were found in arteries from Ang II hypertensive mice that had decreased VSMC GLUT4 expression. Thus, the present study verifies that vascular smooth muscle contraction is dependent on glucose, but more importantly, it demonstrates that glucose uptake through different glucose transporter isoforms has specific agonist-dependent functional effects in arterial preparations. In addition, our data suggest that changes in GLUT4 expression may have a physiological impact on VSMC contractility in hypertension. In contrast, chronic absence or reduction of GLUT4 expression in VSMCs leads to opposite effects to those of acute inhibition of GLUT4, supporting the likelihood of compensatory changes in expression of other glucose transporters or cellular signaling in the more chronic models.
The availability of pharmacological inhibitors of glucose transporters is limited. Indinavir is the only GLUT4-specific inhibitor identified to date. 14 We now have demonstrated indinavir has similar specificity in cultured VSMCs. We found that indinavir (25 mol/L and 50 mol/L) inhibited all of the insulin-stimulated increases in glucose uptake inA7r5 VSMCs but did not inhibit basal uptake. Thus, indinavir inhibited uptake only through GLUT4 transporters in these cells. Similarly, indinavir had a minimal effect on uptake by endothelial cells that do not express GLUT4 25 . Although previous reports have documented the expression of GLUT4 in VSMCs [5] [6] [7] [8] [9] [10] [11] 26 and suggested that GLUT4 plays an important role in vascular function, 5 the current study documents, for the first time to our knowledge, GLUT4 translocation and mediation of glucose uptake in cultured VSMCs.
In contrast to the results in cultured VSMCs, we found that basal glucose uptake in aortas was inhibited by indinavir, demonstrating that Ϸ50% of basal glucose uptake in VSMCs in vivo is mediated by GLUT4. These data extend our previous observations in rat arteries, 5 suggesting that GLUT4 trafficking is substantially different in vascular smooth muscle than in striated muscle and adipose tissue. In striated muscle and adipose tissue under basal conditions, virtually all the GLUT4 molecules are in an intracellular compartment and basal glucose uptake is mediated by another GLUT isoform, such as GLUT1. Whereas there is some possibility that GLUT4 molecules were induced to translocate to the plasma membrane of aortic VSMCs during tissue harvesting, this seems unlikely because similar translocation does not occur with much harsher procedures used to isolate adipocytes or skeletal muscle cells in which GLUT4 remains in intracellular compartments. 27 The vasopressors, NE, 5-HT, and PGF 2␣ , have been shown to be potent agonists in endothelium-denuded mouse aorta, 28 but the relationship between glucose metabolism and VSMC contraction previously has been characterized only for NEmediated contractions. 12, 13 Zhang and Paul found that normal NE-dependent contraction in porcine carotid arteries was glucose-dependent and glucose was found to be necessary for normal regulation of intracellular Ca 2ϩ stores. 13 In these studies, the effects of glucose were examined by measuring VSMC contractility in the absence of glucose. Adams and Dillon demonstrated that secondary NE-stimulated VSMC contraction after glucose withdrawal (for 2 to 10 hours) was significantly diminished. 12 We also observed that mouse aorta incubated for 30 minutes in the absence of glucose displayed significantly attenuated NE-mediated VSMC contraction. GLUT4 antagonism also resulted in attenuated NE-mediated VSMC contraction, but to a lesser extent than that seen with complete glucose withdrawal. Our data corroborate those of Adams and Dillon, but we have further characterized the relationship to glucose uptake through GLUT4 by pharmacologically antagonizing GLUT4. The current study is the first to show that 5-HT-mediated and PGF 2␣ -mediated VSMC contractions are also dependent on glucose uptake via facilitative transporters. However, in contrast to the contractions induced by NE, 5-HT-mediated contractions are completely dependent on glucose taken-up by GLUT4 and are not affected by glucose uptake via non-GLUT4 transporters. Conversely, PGF 2␣ -induced contractions are dependent on non-GLUT4 transporter-mediated uptake alone and not affected by glucose uptake via GLUT4.
This study provides evidence that modulation of GLUT4mediated glucose uptake has an impact on agonist-induced VSMC contraction, especially in response to NE and 5-HT. Interestingly, contractile responses to these agonists are affected oppositely when GLUT4 is inhibited acutely versus when GLUT4 transporter expression is chronically eliminated or reduced. We observed that NE and 5-HT contractility is attenuated after acute pharmacological inhibition of GLUT4, but contractility to NE and 5-HT is potentiated in the GLUT4 knockout mice ( Figure 5 ), in which GLUT4mediated uptake is prevented chronically. Although these results were less dramatic and somewhat more variable for 5-HT ( Figure 5 versus Figure 3 ), they were clearly evident in the studies that were performed head-to-head ( Figure 5 ), which are more reliable. These findings suggest that compensatory changes in glucose uptake or cellular signaling in response to chronic ablation of GLUT4-mediated glucose uptake reverse the effects of acute inhibition of GLUT4mediated uptake. Alternately, there could be direct effects of the GLUT4 transporter on contractility that are independent of the transport function of GLUT4. At present, there are no data that support either of these possibilities.
In both hypertension and diabetes, GLUT4 expression is significantly decreased in vascular smooth muscle. 5, 11 In this article, we demonstrate that GLUT4 expression is decreased in the aorta in the established mouse model of Ang IImediated hypertension, [22] [23] [24] that this model of hypertension is associated with potentiated 5-HT contraction, and that inhibition of GLUT4 does not affect VSMC contractility in the aortas from the hypertensive animals as greatly as it occurs in the aortas from the normotensive animals ( Figure 6 ). These observations corroborate and extend our previous findings in aortas from DOCA-salt hypertensive rats 5 and demonstrate a pathophysiological correlation between decreased GLUT4 expression and potentiated VSMC contractility associated with hypertension. The finding that GLUT4 knockout enhances VSMC contractility similar to that observed in hypertension underlines the potential primacy of GLUT4 reduction in the altered contractile responses found in the hypertensive aortas. Therefore, it will be important to dissect the long-term effects of GLUT4 expression and function in vascular responses in hypertension and diabetes.
Although vascular smooth muscle was originally determined to derive almost all of its ATP from glucose, it now seems clear that other substrates, especially acetate, are important for VSMC metabolism in vivo. Because our experiments were not performed in solutions containing these additional substrates, we may have overestimated the effects of glucose and glucose transporters on reactivity. Recent studies suggest that acetate utilization, when acetate is at physiological concentrations, provides a major input to the trichloroacetic acid cycle, whereas glucose input into the trichloroacetic acid cycle accounts for Ϸ30% to 60% of the total. 29 Together, glucose and acetate account for Ϸ80% of the substrates oxidized by vascular smooth muscle, 30 whereas glycogen oxidation contributes minimally to substrate oxidation, 29 and exogenous glucose also contributes to glycolysis apart from the trichloroacetic acid cycle because vascular smooth muscle undergoes aerobic glycolysis normally in vivo. Thus, although acetate could have a modulatory effect on the glucose-dependent contractility differences we have identified, there is little question that glucose uptake and metabolism have substantial effects on VSMC function, and that the effects we have demonstrated are not likely to be eliminated by provision of other substrates. Moreover, it seems critical to perform initial studies with single substrates so that specific effects can be identified.
Our results of increased reactivity with glucose uptake by GLUT4 and non-GLUT4 transporters are somewhat in contrast to what has been shown previously by Kahn et al. The previous studies showed that 5-HT-induced contraction and Ca 2ϩ flux was acutely inhibited, instead of potentiated, by increased glucose uptake in cultured VSMCs. 9 These previous studies used insulin (1 nmol/L) to mediate increased glucose uptake, which has multiple signaling effects that could alter responses to glucose and may explain the difference between our current findings and those from the previous study. Moreover, it is likely that glucose uptake effects are quite different in cultured VSMCs used in the previous study. As we demonstrate in the current report, regulation of glucose uptake and glucose transporter localization is very different in cultured VSMCs than in arteries in vivo.
In summary, the current study supports the hypotheses that GLUT4 is an important basal glucose transporter in VSMCs, and that non-GLUT4 transporter and GLUT4-mediated glucose uptake are both necessary for full agonist-induced VSMC contraction. However, glucose uptake via non-GLUT4 transporters affects agonist mediated contractions in a qualitatively different manner than does glucose taken up by GLUT4. Mechanisms that explain this surprising compartmental effect of glucose uptake and metabolism are currently being explored.
